Due to their high momentum, hot excitons do not couple to photons directly. Thus, the interaction of excitons with phonons is typically studied only for zero-momentum excitons. We show here that the excitonic recombination process assisted by optical phonons provides a direct method to study the acoustic-phonon scattering of hot excitons in semiconductor quantum wells. From the thermal broadening of the hot-exciton luminescence, we obtain the broadening coefficient as a measure of the coupling strength. The coefficient is found to increase with exciton kinetic energy. This finding is in contrast to theoretical predictions taking into account only the direct exciton-phonon scattering process. The exciton-phonon interaction is one of the fundamental issues in semiconductor physics and has been extensively studied for decades. A direct experimental probe of the phonon scattering processes is achieved by measuring the thermal broadening of the excitonic resonance. The spectral linewidth of the excitonic resonance can be measured by a number of optical methods, e.g., photoluminescence (PL), transmission, reflection, and absorption. [1] [2] [3] [4] [5] [6] Equivalently, the homogeneous linewidth can also be obtained by measuring the dephasing time by four-wave-mixing experiments.
The exciton-phonon interaction is one of the fundamental issues in semiconductor physics and has been extensively studied for decades. A direct experimental probe of the phonon scattering processes is achieved by measuring the thermal broadening of the excitonic resonance. The spectral linewidth of the excitonic resonance can be measured by a number of optical methods, e.g., photoluminescence (PL), transmission, reflection, and absorption. [1] [2] [3] [4] [5] [6] Equivalently, the homogeneous linewidth can also be obtained by measuring the dephasing time by four-wave-mixing experiments. [7] [8] [9] [10] [11] [12] At low temperatures, the linewidth increases linearly with temperature. The slope of this increase, i.e., the thermal broadening coefficient, directly reflects the coupling strength of excitons with acoustic phonons. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In the aforementioned experiments, the direct coupling between excitons and photons is exploited. Since the photon momentum is negligibly small, such a direct coupling is possible only for cold excitons with small momentum, due to momentum conservation. Hot excitons with large center-ofmass kinetic energy and momentum cannot couple to photons directly and thus are not visible in these techniques. However, knowledge about phonon scattering of hot excitons is highly desired for understanding of the fundamental relaxation mechanisms in semiconductors. Unless excited resonantly, excitons are generated with nonzero kinetic energy. Thus, energy relaxation and real-space transport are governed by interactions between the hot excitons and phonons. 13 However, a direct measurement of the acousticphonon scattering of hot excitons in semiconductors is still unavailable, up to now.
In this Brief Report, we show that the recombination of hot excitons assisted by longitudinal-optical (LO) phonons provides a direct measurement of the acoustic-phonon scattering process of hot excitons in semiconductor quantum wells (QWs). By measuring the thermal broadening of hotexciton luminescence of ZnSe QW, we find that the broadening coefficient increases with the kinetic energy of the hot excitons. A theoretical analysis based on a currently accepted model and by taking into account only the direct excitonphonon scattering process predicts, however, a slow decrease of the broadening coefficient. The deviation shows that other processes have to be introduced for a full description of phonon scattering of hot excitons.
The experiment is performed on a far-field nano-PL setup enhanced by a solid immersion lens (SIL). 14 The sample is mounted in a helium-flow cryostat with a thin window. The temperature of the sample is controlled by the helium flow and heating to a fluctuation of less than 0.1 K. A diode temperature sensor is used to measure the sample temperature. The excitation source is a continuous-wave laser system composed of an Ar-ion laser, a tunable Ti:sapphire laser, and a ␤-barium borate crystal for frequency doubling. The laser beam is focused on the sample surface by a microscope objective to a spot of 200 nm (half width at half maximum). The excitation intensity is less than 1 kW/ cm 2 in order to exclude the influence of carrier-carrier interactions. The advantage of such a local excitation over a global excitation configuration typically used is that the influence of the sample's inhomogeneity on the linewidth can be reduced significantly. The luminescence is collected by the same objective, and dispersed by a double-grating spectrograph with a 0.75 m focal length. A cooled charge-coupled device camera is used to record the spectrum. The overall spectral resolution is confirmed to be about 50 eV by measuring the linewidth of the laser under the same conditions.
The sample studied is a ZnSe/ZnSSe multiple QW with a well width of 7.3 nm. Previous investigations have clarified the carrier dynamics in this kind of polar material. 15, 16 Following the laser excitation in the continuum states, the excited electron-hole pair forms an exciton rapidly assisted by the emission of a LO phonon. This exciton formation process is very efficient, so that acoustic-phonon scattering of the individual electron or hole is unimportant. Thus, the excitons are formed monochromatically with a well-defined kinetic energy E k = E exc − E LO , where E exc and E LO are the excitation excess energy and LO-phonon energy, respectively. In the present experiments, we choose the photon energy of the excitation laser such that E k Ͻ E LO . Under this condition, the hot excitons formed do not have sufficient energy to emit LO phonons, so their thermalization and cooling are achieved by the much slower acoustic-phonon emission and continue over several hundred picoseconds. 15 Figure 1 shows a PL spectrum of the sample. The direct recombination of cold excitons ͑X͒ is observed at 2.8145 eV. The peak at the low-energy side of X is attributed to charged excitons (X − ). In addition to these zero-phonon processes, the LO-phonon-assisted recombination leads to the appearance of a phonon sideband at the low-energy part of the spectrum. The LO-phonon replicas of the X and X − peaks (X-LO, X − -LO) are located at one E LO below the corresponding peaks. A sharp peak (HL) is observed at the upper limit of the phonon sideband. It stays strictly at 2E LO below the E exc when we tune the photon energy of laser. We have identified by a number of experimental facts that this peak originates from the LO-phonon-assisted recombination of hot excitons right after formation and before the first acoustic-phonon emission, rather than from resonant Raman scattering. 16 Through this hot-exciton luminescence, we can directly detect the excitonic state with high kinetic energy. In particular, the linewidth of the HL peak reflects the lifetime of the excitons in this particular state.
We focus now on the spectra of the hot-exciton luminescence measured at different temperatures ͑T͒, as shown in Fig. 2 . The excitation-photon energy is 2.8573 eV so that E k = 12 meV. On varying the temperature from 8.4 K to 21.5 K, significant broadening of the HL peak is observed. The measured HL peaks (squares) are fitted by Lorentz functions (solid lines) to obtain the spectral linewidth. Since the low-energy side of the HL peak is offset by the luminescence of other excitons with lower energy, only the maximum and the high-energy side of the line are used for the fitting.
Tuning the laser photon energy, the thermal broadening is measured for excitons with different kinetic energies. By the same fitting procedure as that shown in Fig. 2 , we obtain the linewidth ⌫, defined as the full width at half maximum of the peak, as function of sample temperature for each excitation condition, as summarized in Fig. 3 . Linear increases of the linewidth, which is typical for the influence of the acousticphonon interaction on homogeneous broadening, are observed in this temperature range for all the excitation conditions. By a linear fit ⌫͑T͒ = ⌫ 0 + ␥ ac T, we obtain the residual linewidth ⌫ 0 and the thermal broadening coefficient ␥ ac , with the latter reflecting the strength of the exciton-acousticphonon interaction. From Fig. 3 , we see that ⌫ 0 shows erratic behavior when tuning the laser wavelength. This is attributed to a property of the measurement procedure. As discussed before, we focus the laser tightly to a spot of 200 nm in order to reduce the influence of the inhomogeneity of the sample. Indeed, the linewidth measured under this condition is typically two to three times narrower than one measured with global excitation. When we measure the thermal broadening, the excitation laser spot is fixed and the helium flow is reduced step by step to raise the sample temperature. Then the sample is cooled below 10 K again by increasing the helium flow, and the laser wavelength is tuned for the next measurement. Since the recooling procedure induces a small shift of the sample and the tuning of the wavelength results in a wandering of the laser beam, a realignment procedure is required. For this reason, it is practically impossible to keep the excitation spot on the sample unchanged when we tune the laser wavelength. Thus, the fluctuation of ⌫ 0 originates from the change of the excitation position. In contrast, ␥ ac is not sensitive to the excitation position since it reflects an intrinsic lattice property. Indeed, repeating the measurement on different parts of the sample yields very similar values of ␥ ac , while a different set of ⌫ 0 is obtained. Figure 4 shows quantitatively the measured broadening coefficients ␥ ac as a function of kinetic energy E k (squares). We find a slow increase of ␥ ac on increasing E k from 4 meV to 8 meV, followed by a fast increase up to E k = 18 meV. From the present experiment, it is not clear whether the ␥ ac ϳ E k relation is composed of two linear regimes with different slopes or a universal exponential or power increase. When we further increase E k , the HL peak merges into the X − peak (see Fig. 1 ). This fact prevents us from getting reliable values of the linewidth for higher energy values. On the other side, when E k Ͻ 4 meV, the HL peak is influenced seriously by the X-LO peak. For this reason, the thermal broad- ening of the cold excitons cannot be measured from the HL peak. However, it can be measured directly from the X peak. In Fig. 4 we plot the value obtained from the same sample by measuring the thermal broadening of the X peak (circle at zero kinetic energy). It is remarkable that an extrapolation of the HL measurement toward zero kinetic energy perfectly matches the result obtained by measuring the direct recombination of cold excitons, as generally used in previous studies. This fact confirms the validity of the measurement by using the HL peak. Now we want to compare our experimental results with a theoretical calculation. The model to calculate the acousticphonon scattering of excitons in semiconductor QWs has been established by Takagahara, 17 and has been widely applied to analyze the excitonic dynamics in QWs. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] According to this model, the rate W of acoustic-phonon scattering of the QW exciton is
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Here, the subscript a͑e͒ and the minus (plus) sign stand for the absorption (emission) process. The temperature-
Here, D c and D v are the deformation potentials of the conduction and valence bands. m * , u, , and L Z are the exciton effective mass, speed of sound, mass density, and thickness of the QW, respectively. Q a͑e͒ are the wave vectors of the acoustic phonons absorbed (emitted). They are determined by E k and the scattering angle through momentum and energy conservations. Generally, the population of acoustic phonons is described as N p ͑Q , T͒ = ͕exp͓បuQ / ͑k B T͔͒ −1͖ −1 . For cold excitons, the phonon energy involved បuQ is much smaller than the thermal energy k B T when T Ͼ 10 K. In this situation, the phonon population can be simplified as N p = k B T / បuQ. For the hot excitons studied in our experiments, the emitted phonon energy can be as large as 2 meV, so this assumption is not valid. Nevertheless, in the small temperature range from 10 to 20 K, the phonon population can still be well approximated as a linear function of temperature,
with ␣͑Q͒ = ͓2N p ͑Q ,10͒ − N p ͑Q ,20͔͒ and ␤͑Q͒ = 0.1͓N p ͑Q ,20͒ − N p ͑Q ,10͔͒. We confirm that the error introduced by this linear approximation is less than 1%.
The linewidth of the HL peak is related to the lifetime of the exciton on that state with the corresponding energy ⌫͑E k , T͒ =2ប / ͑E k , T͒. The lifetime is determined by the rates of scattering processes that drive the excitons out of that state,
Here, we use W others ͑E k ͒ to describe the linewidth of the HL peak introduced by factors other than acoustic-phonon scattering, e.g., disorder scattering, carrier-carrier scattering, and nonmonochromatic dispersion of the LO phonon. These processes are not sensitive to the temperature and thus do not influence the thermal broadening. The influence of the LOphonon-assisted recombination process on the lifetime is negligible since it is much slower than the acoustic-phonon scattering. 33 By using Eqs. (1)- (3), we obtain the linear description of the thermal broadening with a residual linewidth
and the broadening coefficient 34 The calculated curve is shown in Fig. 4 as the solid line. For cold excitons, the calculated value is in good agreement with the experimental value without any fitting parameter, showing the validity of our theoretical consideration for cold excitons. However, for hot excitons, the decreasing curve is in striking contrast to the pronounced increase of ␥ ac with E k that we obtained experimentally.
In conclusion, we show that the hot-exciton luminescence provides a direct method to study the acoustic-phonon scattering of QW excitons with large center-of-mass kinetic energy. The thermal broadening coefficient is found to increase with exciton kinetic energy. However, a theoretical analysis by using a currently accepted model and taking into account only the direct scattering process predicts a decrease of this coefficient. The discrepancy shows clearly that, for acoustic-phonon scattering of hot excitons, other processes have to be taken into account. For example, the vertical motion of the exciton along the growth direction of the QW can provide further channels for the scattering, and/or the light-hole exciton states can enhance the multiphonon scattering processes by providing intermediate states since the heavy-hole-light-hole splitting is 12 meV in this sample. A detailed theoretical analysis of those processes is beyond the scope of the present experimental investigation. We hope that this experimental finding will draw more intention from the theoretical side on this fundamental problem.
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